Stratospheric aerosols originating from the June 1991 explosive eruptions of Mt. Pinatubo has been observed at Fukuoka with a Nd:YAG lidar. Sudden increase of the aerosols in the vicinity just above the tropopause in July 1991 was followed by the appearance of extraordinary strong scattering layer around 21-22 km height. The volcanic aerosols stratified in two distinct layers merged into a broad layer when the background wind field changed from the easterlies to the westerlies and the bulk of the aerosols arrived. After having taken its maximum in the first winter the aerosol burden decreased monotonously. Superposed on the decrease we can read the seasonal variations associated with the seasonal variation in the wind field and the tropopause height also after the second year.
Introduction
Violent eruptions of Mt. Pinatubo in Philippines (15.1°N, 120.4°E) injected a large amount of volcanic gasses and other effluents into the atmosphere and caused a serious perturbation on the stratospheric aerosols globally. The amount of SO2 gas injected into the stratosphere have been estimated to be much more than that produced by the eruptions of El Chichon in 1982 (McCormick and Veiga, 1992; Bluth et al., 1992; McPeters, 1993; Strong et al., 1993) . Sudden and extraordinary increase of the stratospheric aerosols have been detected by satellite (McCormick and Veiga, 1992) and lidar, both airborne and ground-based (DeFoor et al., 1992; Gobbi et al., 1992; Jdger, 1992; Hayashida and Sasano, 1993; Uchino et al., 1993) .
Volcanic aerosols dispersed in the stratosphere give a significant effect not only on the global climate through their absorption and scattering of radiation but also on the chemical processes in the stratosphere such as the ozone depletionthrough the heterogeneous reactions on their surfaces (Xue et al., 1994; Hofmann and Solomon, 1989) .
Using a Nd:YAG lidar system, a scattering layer, a trace of the Pinatubo volcanic aerosols, was observed just above the tropopause over Fukuoka (33°N, 135°E) first on July 7, about 3 weeks after the major eruptions of Pinatubo on June 15, 1991. The bulk of the volcanic aerosol layer around the altitudes of 21 km arrived about two months later and the layer have persisted for more than three years having been decreasing its concentration.
Variation of the volcanic aerosols for about 1000 days from the first detection over Fukuoka will be presented m this paper especially from the viewpoint of seasonal variations.
Observation and Analysis

Instruments
At Fukuoka University a small Nd:YAG lidar system had been operated to probe mainly the tropospheric aerosols. When the Pinatubo volcanic aerosols arrived in the stratosphere over Japan, a multichannel analyzer was equipped to the lidar system for the photon counting and we started the observation of me stratosphere in the early June, 1991. The specifications of the lidar system are shown in Table 1. 2.2 Calculations of backscattering coefficient and scattering ratio of the aerosols Backscattering coefficients ofthe aerosols were calculated from me lidar return signals with the local meteorological data which were supplied by Fukuoka Meteorological Observatory. In these calculation, Fernald's method (Fernald, 1984) has been applied under the assumption that S-parameter, the ratio of backscattering to extinction coefficients of the aerosols, is constant with height. Considering the variability in the optical properties of aerosols with time, we adopted some different values off-parameter for differentperiods. Values used in the present analysis which were supplied by Meteorological Research Institute are listed on Table 2 .
From the backscattering coefficient of aerosols ,%(z) and atmospheric molecules /fm(z) the scattering ratio of aerosols R(z) is defined as follows:
2.3 Determination of the lower boundary of stratospheric aerosols In order to discuss the stratospheric aerosols, it is important to determine a lower boundary of the stratospheric aerosol layer properly. Usually, tropopause, which is defined as the height at which the vertical gradient of temperature exceeds a certain value, is considered to be the boundary. In some occasion, however, some problems arise if we use the tropopause as the boundary. Figure 1 shows an gradient of potential temperature is shown in Fig. 2 . Values of the gradient were around 5 K/km in the upper troposphere, and around 35 K/km in the lower stratosphere. There is a gap at 14.9 km. The gap is a transition height of the vertical stability, and is chosen as a lower boundary of the stratospheric aerosol layer of that day. W e used the height ofthe lower boundary in the calculation of LB.C. The lower boundary thus determined coincide approximately with the lowest tropopause in many cases, but sometimes not. In Fig. I the lower boundary, which is determined by our method described above, is drawn by a thick line. The consistency of the redetermined boundary (thick line) with the profile of the aerosol layer is better than that of the tropopause (dashed line). . A significant layer of the aerosols was observed just above the tropopause (17-18 km) over Fukuoka at the first sounding of the improved lidar system, on July 7, 1991. The date of the first detection, however, does not mean the date of arrival of the first Pinatubo cloud as it had been observed more than aweekbeforeatthestationsofhigherlatitudesinJapan (HayashidaandSasano,1993; Uchinoeta/.,1993) . On July 16, 1991 much stronger scattering layer appeared at 21-22 km height, and the scattering ratio was about 9. After then this upper layer appeared intermittently mainly at 21-22 km height, more appropriately around the height of the potential temperature of 520 K, while the lower layer almost always appeared around the height of 400 K until a bulk of the upper layer arrived, and they merged into one enormous layer in September of the year.
In the paper by Hayashida and Sasano (1993) results of the lidar observation in Tsukuba (36°N) are reported, and Jgger (1992) reported results obtained in Garmisch-Partenkirchen (47.5°N) in Germany. In Tsukuba , the first arrival of the Pinatubo aerosol layer which appeared just above the local tropopause was on June 28, and another layer appeared at higher altitude, around 21 to 22 km, in mid July. In the case of the observation in Garmisch-Partenkirchen (JOger), the first arrival was on July 1 which was close to the first arrival of the layer m Tsukuba, but the arrival of the layer at higher altitude was in August, about one month later than the arrival in Tsukuba.
In Fukuoka, the first detection of the volcanic scattering layer was just above the lower boundary on July 7, but it is not clear whether the first arrival of the layer coincides with the first detection or not, as the observation in Fukuoka started on July 6. Upper layer of the volcanic aerosols, which appeared around 21 to 22 km, was observed on July 16 for the first time. After the day, those two of the distinct layers had been observed frequently until they were merged into a main layer in late September. The main layer was centered around 21 to 22 km, and spread in a wide altitude range from just above the lower boundary up to around 25 km. Although the individual dates of appearance and disappearance, and the values of scattering ratio of both layers are different at two stations in the initial stage when the volcanic aerosols were inhomogeneous along the latitudinal circles, the long term behavior of those layers shows quite similar pattern. That is, they are characterized by appearance of the first layer just above the lower boundary in late June to early July, the upper layer around 21 to 22 km in mid July and the main broad layer in late September. In spite of the difference in the latitudes, the days of the appearance of the first layer in Japan and Germany were close, in late June to early July. While, the upper layer appeared over Germany about one month later than Japan. From these results, it is supposed that some fast transport of the volcanic aerosols to higher latitudes occurred around the altitude just above the lower boundary, and the upper layer was transported slowly to the higher latitudes.
The time-height cross section and time variability of the peak values of the scattering ratios are shown, respectively in Figs. 4 and 5. Detailed examination of these figures shows that extremely large scattering ratios were observed every about one month during the first year. Compared with the southerly and westerly components of wind at 50 hPa observed at Fukuoka, respectively shown in Figs. 6(a) and 6(b), each appearance of extremely intense scattering ratio shows better coincidence with the enhancement of the southerly component than with the westerly component. Large fluctuations of the scattering ratio associated with the meandering of the stream line suggested strong inhomogeneity in the latitudinal distribution of the volcanic aerosols.
To examine the correlation ofthe appearances of large scattering ratios with the southerly component of wind in more detail, peak values of the scattering ratios and velocities of the southerly components of wind at 50 hPa are plotted in Fig. 7 .81 % ofthe peaks which exceeded 5.5 were appeared when the southern 
Seasonal variation
The bulk of the volcanic aerosols arrived when the westerlies began to prevail in fall. It implies that latitudinal transport of the volcanic aerosols were enhanced in the westerly wind field where the fluctuation of the southerly wind was also large.
Extremely large values of scattering ratio appeared frequently during the period of westerly wind in the first year. An example of the typical profile during the period is shown in Fig. 3(c) . In the next year, peaks also appeared frequently in the westerly region but the values were comparatively small. The large latitudinal gradient in the density of volcanic aerosols in the first year should be well relaxed in the next year.
Although the variation of peak scattering ratio in Fig. 5 reveals little seasonal trend after the second year 1992 the variation ofintegrated backscatteling coefficient, I.B.C., shows obvious seasonal variation. Figure 8 summarizes the I.B.C. integrated over the region from the lower boundary to about 30 km height. Heights of the tropopause are also shown. I.B.C. attained its maximum in February 1992, more than three months later than the maximum of scattering ratio. During a few months after the eruption of Mt. Pinatubo, relatively dense volcanic aerosols were confined m narrow vertical range, and the peak values of scattering ratios attained its maximum in the early stages. While the vertically integrated amounts of the aerosols were still small in the early period because of the narrow vertical distribution. That is why the attainment of the maximum of I.B.C. delayed as described above. After attaining the maximum, I.B.C. has decreased monotonously. Superposed on the long term monotonous decrease, the I.B.C. shows apparent seasonal variation with maximum in winter and minimum in summer. This variation is associated with the variation of the tropopause height, low in winter and high in summer. Uchino et al. (1995) observed the variation of the Pinatubo volcanic aerosols by lidars in Tsukuba, Naha, Japan, and Lauder, New Zealand. The I.B.C. attained its maximum in austral winter and minimum in austral summer. Our observation agrees well with their result that the obvious seasonal variations of I.B.C. occur in the whole globe. Figure 9 is showing the time variability of center of gravity of backscattering coefficient and tropopause height. The variation of the center of gravity was small in the first year. In the second year, the center of gravity varied well corresponding to the variation of the tropopause height. From this trend, it is considered that the initial bulk layer of Mt. Pinatubo aerosols, which located around 21 km, have descended with time and the center of gravity approached the altitudes around a few km above the tropopause in the second year.
It is impossible to calculate the speed of the gravity sedimentation of aerosols precisely only from the variation ofthe height ofcenter ofgravity as the downward motion ofthe center of gravity is considered to be a result of complex mechanisms. For instance, height of the lower boundary, which is a sink of the stratospheric aerosols, varies with season, and the center of gravity ofthe stratospheric aerosol layer varies with the height of tropopause. Moreover, growth rate of the aerosols could have been variable with atmospheric condition which is considered to vary both with time and height.
Here, we discuss about average speed ofthe downward motion of the center of gravity during a period before the aerosol layer reached local equilibrium state in which the nucleation, evaporation, sedimentation, and vertical and horizontal eddy transport are balanced and the similar seasonal variation are repeated every year. The downward velocity thus determined should be influenced mainly by the additional sedimentation velocity to the equilibrium one.
The center of gravity which located around 19 km in the first winter descended to the altitudes around 16 km in the second winter, and the average speed is about 3 km/year which is converted to about 8.2 m/day. That is, the center of gravity settled to the equilibrium height at latest in the second winter, and the settling velocity was at least 8.2 m/day. Incidentally, the terminal velocity of 8.2 m/day around the altitude of 20 km reads to the radius of the particle about 0.25 µm. This result implies that the mean radius of the Pinatubo volcanic aerosols was greater than 0.25 µm. Russell et al. (1993) Jan.,1 Jul.,19 Feb.,4 Aug.,23 Mar.,11 1991 Mar.,11 1992 Mar.,11 1993 Mar.,11 1994 Variation of center of gravity of backscattering coefficient and tropopause height 1991 and to 0.86 ± 0.29 pm in July 1992. While, Pueschel et al. (1994) collected the samples of the volcanic aerosols by airborne instruments and reported that there were three modes of the particle radius in the lower stratosphere. That is, model with the radius of 0.10 ± 0.04 µm, mode 2 with the radius of 0.33 ±0.09 gm, and mode 3 with the radius of 0.60 ± 0.10. And they emphasized that large-particle mode with a geometric mean radius of 0.4 pm was enhanced in the lower stratosphere after the eruption of Mt. Pinatubo. Our result is not contradictory to those results, but is a little under estimated. That is due to the under estimate of the settling velocity, which is calculated from the altitudes ofthe center of gravity in the same season of the first year and the second year. The average velocity is not the actual settling velocity but lower limit of the settling velocity, because there is a possibility that the center of gravity might have settled to the equilibrium height in a period shorter than one year. Although it is not possible to estimate the particle radius precisely only by our data, our result is enough to emphasize the enhancement of larger particles after the eruption of Mt. Pinatubo. Figure 3(d) is one of the vertical profiles of scattering ratios observed in the third year. The values were quite small compared to the values observed in the first year. Since the third year, scattering ratios have never exceeded the value of 2.
